Speciation and temperature measurements of methane oxidation during a nanosecond repetitively pulsed discharge in a low-temperature flow reactor have been performed. Measurements of temperature and formaldehyde during a burst of pulses were made on a time-dependent basis using tunable diode laser absorption spectroscopy, and measurements of all other major stable species were made downstream of a continuously pulsed discharge using gas chromatography. The major species for a stoichiometric methane/oxygen/helium mixture with 75% dilution are H 2 O, CO, CO 2 , H 2 , CH 2 O, CH 3 OH, C 2 H 6 , C 2 H 4 and C 2 H 2 . A modelling tool to simulate homogeneous plasma combustion kinetics is assembled by combining the ZDPlasKin and CHEMKIN codes. In addition, a kinetic model for plasma-assisted combustion (HP-Mech/plasma) of methane, oxygen and helium mixtures has been assembled to simulate the measurements. Predictions can accurately capture reactant consumption as well as production of the major product species. However, significant disagreement is found for minor species, particularly CH 2 O and CH 3 OH. Further analysis revealed that the plasma-activated low-temperature oxidation pathways, particularly those involving CH 3 O 2 radical reactions and methane reactions with O( 1 D), are responsible for this disagreement.
attention in the light of experimental evidence suggesting that both the thermal and kinetic enhancement mechanisms are important in the context of ignition and flame stabilization [1] [2] [3] . To understand the detailed mechanism of PAC, the chemical kinetic pathways activated by the plasma discharge must be investigated and their reaction rates quantified, starting with reaction mechanisms for the simplest fuels such as hydrogen and methane. However, the development of such mechanisms poses a significant challenge, because of both the complexity of the reaction system and the lack of experimental data to explore and identify the chemical kinetic pathways at temperatures far below conventional combustion temperature. Some global data do exist, for example, ignition delay times in shock tubes [4] [5] [6] [7] [8] [9] and extinction limits in counterflow diffusion flames [10] [11] [12] [13] ; however, measurements of species distributions in and after the plasma are less common [14] [15] [16] [17] [18] [19] [20] . Only time-dependent speciation histories in a well-defined reaction system can constrain the kinetic mechanism sufficiently to identify the major reaction pathways, and provide validation targets for kinetic mechanism development [21] .
Our previous study of ethylene PAC in a room-temperature flow reactor [14] demonstrated the strong dependence of species concentrations on low-temperature reaction pathways, which proceeded primarily through O, OH and O 2 addition reactions. Recent experiments on plasma-activated cool flames of dimethyl ether and n-heptane further demonstrated the importance of plasma-activated low-temperature chemistry in kinetic combustion enhancement by plasma [13, 22] . It was found that the reactions involving low-temperature fuel oxidation are critical for predicting the experimental measurements of PAC. Thus, in order to extend our understanding of fuel oxidation in low-temperature PAC, and to resolve the issues observed in our previous studies, we focus our study on the oxidation kinetics of the simplest hydrocarbon fuel, methane.
Previous studies of methane oxidation in plasma have been conducted in various experimental and numerical platforms, including shock tubes [4] [5] [6] , counterflow flames [11, 12] and flow reactors [16] [17] [18] [19] . In addition, there have been extensive studies of plasma fuel reforming using methane [23] [24] [25] [26] [27] [28] [29] [30] [31] . Plasma reforming of methane has shown the potential to efficiently produce hydrogen and/or syngas [24, [26] [27] [28] 31] , methanol [25] and higher hydrocarbons [23] . Recent studies of dry reforming and partial oxidation of methane in a heated flow reactor with a dielectric barrier discharge (DBD) driven by an AC voltage waveform [29, 30] revealed several interesting results. First, fuel reforming was significantly more efficient for the oxidation case compared with the dry reforming case. Second, while overall CH 4 and O 2 conversion is increased with initial temperature, reduced electric field (E/N) and plasma power (i.e. frequency of the AC field), only the initial temperature could affect the product selectivity. Modelling of the combustion chemistry (assuming some initial radical concentrations from the plasma) indicated that increased temperatures increased the rate of H abstraction from CH 4 by O, OH and H radicals, which lead to subsequent reactions of fuel intermediates with O 2 , increasing the overall fuel and oxidizer conversion. However, no quantitative comparison with the measured species concentrations could be made owing to the lack of electron collision processes in the model, which has generally limited the analysis of plasma-based fuel conversion systems. Some recent work in PAC has made steps towards more quantitative modelling of the oxidation process.
In shock tubes, Kosarev et al. [4] measured ignition delays after a fast ionization wave in CH 4 /O 2 /Ar mixtures at initial temperatures from 1230 to 1719 K and pressures from 0.3 to 1.1 bar, finding that the ignition delay can be shortened by a factor of 30 using a nanosecond pulsed plasma, an enhancement that could not be replicated by assuming all plasma energy went to gas heating. Numerical modelling of the ignition process, including separate consideration of the electron collision processes and combustion kinetics, revealed that the plasma-produced species were mostly quenched to form neutral radicals, particularly O atoms, which then reacted with CH 4 and its intermediates, resulting in the initiation of chain branching chemistry. However, no comparison between the actual species produced and the model prediction was made in this study. Lou et al. [16] studied oxidation of methane/air mixtures in a nanosecond repetitively pulsed (NRP) discharge in a homogeneous flow reactor at initial temperature 290 K and pressure less than 100 Torr. For continuously pulsed plasma, it was found that up to 70% of the fuel could be consumed, producing approximately 500 K temperature rise, without any flame. This indicated that PAC could control fuel oxidation continuously, without any clear transition between ignition and frozen flow. Further studies in a similar reactor [17] [18] [19] measured temperature, NO, O and OH. In comparison with air plasmas, the addition of methane did not affect the NO concentration profile or the peak O concentration. There was, however, a decrease in the peak OH concentration, and there was a significant increase in the O and OH consumption rates after the plasma, indicating that reactions were indeed occurring between methane and/or its intermediates with radicals formed in the plasma. Modelling of the PAC processes could predict temperature and O atom concentration simultaneously, but different combustion kinetic models had mixed results predicting the OH profile, indicating the sensitivity of combustion kinetics at the relatively low temperatures in these experiments (less than 600 K).
In counterflow flames, Sun et al. [11] found that the extinction limits of a partially premixed CH 4 /O 2 /Ar mixture could be extended by more than a factor of 2 when a nanosecond pulsed discharge is applied to the mixture just before the exit of the fuel nozzle. The main cause was found to be prompt reforming of the fuel stream to a mixture of heated H 2 , CH 2 O, CO, CO 2 and H 2 O, which was initiated by electron dissociation reactions in the plasma. Modelling efforts found that O and CH 2 O concentrations were well predicted, but the concentrations of H 2 , CO, CO 2 and H 2 O could not be matched by the model predictions. Sun et al. [12] later integrated the plasma discharge directly into the counterflow burner such that the plasma was stabilized between the burner nozzles. In this experiment, it was found that the hysteresis between ignition and extinction could be smoothed into a continuous transition. The reason for this change was again the activation of methane oxidation by radical-produced O atoms, which initiated chain branching reactions at temperatures below the cross-over temperature for hot ignition, thus allowing chemical heat extraction at methane concentrations too small to otherwise sustain a flame.
To summarize: it has been found that a continuous transition from non-reacting to fully reacted methane/oxygen/diluents mixtures can be achieved by controlling the plasma parameters and mixture composition. The cause of this continuous transition is electron collision reactions producing a mixture of electronically excited species, ions and atoms, all of which quickly quench to form mostly O atoms, but also H atoms and OH radicals. These radicals will react with the fuel and fuel intermediates and, depending on the temperature, can lead to ignition of the mixture or to partial oxidation. While the power and E/N of the plasma affect the overall amount of fuel conversion, the product species composition is largely controlled by the chemical kinetics of combustion reactions at low temperature (300-700 K). However, a quantitative study of simultaneous temperature and multi-species concentrations in low-temperature methane PAC is still lacking, and the model predictability in terms of speciation data is limited, preventing a full assessment of the relevant reaction pathways.
The purpose of this study is to quantitatively measure species production and temperature in a homogeneous plasma discharge, and compare these results with kinetic modelling, focusing on the low-temperature initiation reactions. To accomplish this, a plasma produced with an NRP power supply in a dual DBD configuration is used, and is operated in both a pulse burst mode and continuous mode. In situ and time-dependent measurements of temperature and CH 2 O are performed using laser absorption spectroscopy (LAS) in a mini-Herriott cell during a 300 pulse burst. CH 2 O was identified to be a major intermediate species directly produced by plasmagenerated O atoms [4, 11, 12] , and is thus an ideal candidate to determine the fidelity of the initial oxidation reactions. In addition, temperature and species concentration were measured for a continuous discharge in order to gain a more complete understanding of the kinetic processes involved. These results are compared with modelling of the coupled plasma and chemical kinetic processes, including electron collision reactions, excited and ionized species quenching, and low-temperature methane oxidation kinetics. 
Experimental set-up (a) Plasma reactor
The experimental set-up has been previously described in [14, [32] [33] [34] . A diagram of the set-up can be found in figure 1 . All experiments were conducted at a total pressure of 60 Torr and initial temperature of 296 K. The mixture used is 0.083 CH 4 , 0.167 O 2 , 0.75 He (stoichiometric, 75% dilution), flowing at a velocity of 0.2 m s −1 . All gases are metered by mass flow controllers, and the streams are mixed before entering the reactor. The reactor is a quartz and Macor rectangular cell, 14 mm in height, 45 mm in width and 152 mm in length, which is placed inside a larger stainless steel vacuum chamber (not shown in figure 1 ). One sidewall is quartz, which allowed observation into the cell for laser alignment, whereas the other is Macor ceramic, used for easy machining. Two 45 × 45 mm stainless steel electrodes are sandwiched between the pairs of quartz plates which make up the top and bottom of the reactor, forming a plane-to-plane double DBD with barrier thickness of 1.6 mm. The plasma is produced using a nanosecond pulsed power supply (FID GmbH, FPG 30-50MC4), which has a maximum repetition frequency of 30 kHz, FWHM of 12 ns and maximum peak voltage of 32 kV. An average peak voltage of 8.76 kV was used for all experiments presented in this work, which results in a peak applied electric field of 5.94 kV cm −1 . The discharge pulses can be applied in either a continuous mode or a pulse burst mode via external triggering with a digital pulse generator (SRS DG535). Helium was used as the diluent gas owing to the large radius of the streamers formed in the plasma [35] , which overlap with each other at 60 Torr, allowing the plasma to stay homogeneous even for continuous pulsing at high frequencies (up to 30 kHz). The current during the nanosecond discharge was measured using a Pearson coil current probe (model 6585), and the voltage externally applied to the discharge was measured using a Lecroy high-voltage probe (PPE20KV). The energy deposition per pulse is found to be 1.5 ± 0.2 mJ, which was calculated by integrating the power (voltage × current) over a single pulse during continuous discharge. The applied electric field is computed using the equation E app = V app /(L + 2l/ε), where E app is the applied electric field, V app is the measured peak applied voltage, L is the gap distance (14 mm), l is the dielectric layer thickness (1.6 mm) and ε is the dielectric constant (4.3 for quartz) [36, 37] .
Sampling measurements were made using a gas chromatograph (GC) coupled with a thermal conductivity detector (TCD; Inficon 3000) to identify and quantify product species resulting from a continuously pulsed plasma discharge in the range of 100-30 000 Hz. Species sampling was performed using a quartz probe placed at the exit of the quartz reactor, and sample gas was drawn out of the reactor and through a heated line into the sample vessel using a vacuum pump. The sample vessel is fitted with a piston such that the pressure can be increased to 1 atm, which is required for injection to the GC. The sensitivity for all species other than H 2 is 10 ppm, whereas H 2 interferes with the large He peak from the diluents, limiting the sensitivity to about 1000 ppm. The uncertainty for GC-TCD quantification is assumed to be 5% for all species, not including uncertainties from the sampling procedure.
(b) Mid-IR laser absorption spectroscopy system A continuous-wave external-cavity mode hop-free (CW-EC-MHF) quantum cascade laser (QCL) from Daylight Solutions and a distributed feedback (DFB) QCL from Alpes Lasers (sbcw3176) are used in the present in situ species and temperature measurements. The absorption lines used for methane and temperature quantification with the EC-QCL are located at 1343.56 and 1343.63 cm −1 , and the line for CH 2 O quantification with the DFB-QCL is at 1726.79 cm −1 . The two lines used for temperature measurement were selected following the guidelines of Farooq et al. [38] . As presented in figure 1 , the two lasers are co-aligned and coupled into the 24-pass Herriott cell such that either laser can be used individually by flipping a mirror, allowing convenient measurements without realignment of the cell. downstream of the front edge of the electrodes. The laser light is coupled into the cell through a 2 mm hole in a stationary mirror in the quartz wall, and cell alignment is accomplished with the help of a two-dimensional tilt stage (Thorlabs KMS) fixed to the Macor wall. The effective laser path length through the plasma is 1.08 m. The transmitted output beams are incident on a mercury cadmium telluride (MCT) detector (Vigo PVM-2TE10.6). In order to eliminate atmospheric water absorption outside the test section, the laser path is purged with nitrogen.
The EC-QCL laser is scanned through the absorption lines by a 100 Hz sinusoidal signal sent to the controller for the piezo-electric actuator in the laser cavity (Thorlabs MDT694A) via an arbitrary function generator (SRS DS345). In the time-dependent measurements, the laser scan was timed such that the absorption peak occurred at a controllable delay after the first plasma discharge pulse. The absorption signal used for quantification was averaged over 50 plasma burst experiments. To scan the DFB-QCL, the laser temperature is held constant while the current is swept by a triangle waveform at a rate of 15 000 Hz. This allowed all time-dependent CH 2 O data points to be collected in a single scan, with an absorption measurement taken between every plasma pulse, and averaged over 100 experiments. The current controller for the DFB-QCL is a Wavelength Electronics QCL1000, the thermoelectric temperature controller is an ILX Lightwave LDT-5980 and the laser is housed in an ILX Lightwave LDM-4872 QCL mount. The wavelength scan rate of both lasers is monitored using a 50.8 mm germanium etalon (free spectral range, FSR ≈ 0.74 GHz at 1345 cm −1 ). Owing to inconsistency in scan rates for the EC-QCL, the etalon signal is collected for every experiment. All signals are recorded on a Tektronix DPO 7104C oscilloscope.
The direct absorption profile at different conditions of temperature and pressure can be modelled using data from HITRAN [39] . Owing to a lack of available measurements for the line broadening properties of helium, the pressure broadening coefficient was treated as a variable parameter, along with the absorber concentration, in a least-squares nonlinear fitting algorithm for calculating the Voigt function [40, 41] . The temperature was calculated by scanning over two different absorption lines of methane at the same delay after the pulse burst, and iteratively computing the temperature until the measured concentration is the same for both lines.
Numerical methods (a) Plasma-assisted combustion solver
Numerical computations have been used to investigate the influence of non-equilibrium plasma generated by NRP discharges on the homogeneous ignition and related kinetics of different combustible mixtures. Electrons, ions and electronically excited levels of molecules are included in the detailed chemical model, and electron impact excitation, dissociation and ionization processes are considered. The code couples the commercially available zero-dimensional plasma kinetics solver ZDPlasKin [42] with the CHEMKIN [43] package. During the discharge processes, ZDPlasKin employs a Boltzmann equation solver [44] to calculate the electron temperature and reaction rates based on the input list of electron impact reaction cross sections. The cross-section data can be downloaded from the online database LXCat (http://nl.lxcat.net/home/). After each discharge pulse, CHEMKIN is used to calculate the thermal properties and chemical reaction rates at the conditions output by ZDPlasKin, and the species and temperature equations are integrated using a VODE [45] solver. At each interface between the two processes, a matrix including the values of time, temperature and species concentrations is used to transfer information.
The ZDPlasKin model considers a non-equilibrium system with electron temperature much higher than gas temperature, whereas ion temperature is not considered. During the discharge process, the time evolution of species i through i max is computed using the equation [42] 
where N i represents the number density of species i, Q ij represents the source rates of species i corresponding to different reactions j, and i max and j max are the total number of species and reactions considered in the model, respectively. Gas heating in the discharge is computed using the method of Flitti & Pancheshnyi [46] , which distributes the external power deposited to the gas, denoted P ext , into three channels: the translational degree of freedom of electrons P elec , the translational degree of freedom of the gas P gas and the internal degree of freedom of the gas P chem ,
2)
The gas temperature can then be computed considering energy deposition into all three channels using the following equations [42] 
3)
and
where γ is the specific heat ratio, k B is the Boltzmann constant, T gas is the gas temperature, e is the elementary charge, N e is the electron number density, υ e is the electron drift velocity, E is the electric field, T e is the effective electron temperature and Q i is the potential energy of species i. During the interpulse time, CHEMKIN computes species evolution and heat addition for the constant-volume system using
where ρ is gas density, Y i is the mass fraction of species i, t is time, ω i is the production or consumption rate of species i, W i is the molecular weight of species i, C V is the specific heat of the gas at constant volume and e i is the internal energy for species i in mass units. In addition to gas heating, a heat loss term must be included to accurately predict the measured temperature profiles. Adamovich et al. [47] reported that the energy loss is primarily due to conduction to the quartz channel walls. In this zero-dimensional model, the heat loss is described by incorporating a conduction heat transfer term into the energy equation,
where λ(T gas ) is the thermal conductivity as a function of gas temperature, T wall is the wall temperature, L is the channel height and L/π is the spatial scale for conduction heat transfer with uniform generation in the rectangular geometry.
(b) Kinetic model
The kinetic model can be separated into two parts: the combustion kinetic model and the plasma kinetic model. While excited species quenching reactions, electron-ion recombination reactions and charge exchange reactions are needed in both models, the excitation and ionization electron collision reactions are limited to the plasma model, whereas the combustion chemistry involving reactions of neutral ground-state species are mostly limited to the combustion model. The combustion model employed here is HP-Mech, previously described and available in [14] , which includes hydrocarbon reactions for up to four-carbon chain length molecules, and is specifically designed for high-pressure and low-temperature (less than 800 K) chemistry. The plasma model has been assembled primarily from an air plasma model [42, 48] , with helium reactions from [11, 49] and methane reactions from [4, 11] . Included excited and ionized species Vibrationally excited species are neglected because their energy is insufficient to lead to dissociation of molecules and thus are not of significant kinetic importance in the present mixture. In terms of energy addition, at the reduced electric fields of this study, energy coupling into the plasma is strongly branched towards electronic excitation and ionization, with a relatively small amount being coupled into the vibrational states of molecules [46] . Thus, from both a kinetic and thermal perspective, it is reasonable to neglect the vibrational levels of O 2 and CH 4 . In addition, negative ions and complex positive ions are neglected owing to their relatively low concentrations and short lifetimes in the present plasma. The electron collision cross sections for O 2 and He are downloaded from the LXCat online database from the Phelps and Biagi databases, respectively [50, 51] , and cross sections for CH 4 are computed by the method described by Janev & Reiter [52] . Comparisons of the electron collision cross sections among the databases available from LXCat are in agreement for total excitation and ionization of He and O 2 [53] . However, there is some discrepancy for cross sections into particular excitation levels of O 2 . The Phelps database [50] was selected in this model owing to its use as the basis of many of the other datasets in the literature [54, 55] 
[61] 
Results
In order to model the discharge process, a reduced electric field (E/N) profile as a function of time and an initial electron number density must be supplied as inputs to the ZDPlasKin part of the solver. Because the one-dimensional solution for charge separation in an electric field is not solved, it is not possible to calculate the reduced electric field a priori from the applied voltage waveform. Thus, in order to provide E/N, a square wave was assumed, and the peak E/N and discharge duration were adjusted to bring the temperature prediction into approximate agreement with the measurement, which resulted in an E/N of 180 Td (townsend, 1 Td = 10 −17 V cm 2 ) and a discharge time of 3-4 ns, which needed to be adjusted to keep total energy addition per pulse constant as gas temperature increased. In our previous publication [14] , the concentration of a major intermediate species was used to fit E/N because this species was only sensitive to the reaction rate of electron dissociative ionization of the fuel. In this case, temperature is used as the fitting parameter for E/N owing to the sensitivity of heat addition on electron collision processes, and the importance of temperature on the reaction rates of most combustion reactions. In order to confirm that the speciation results are not sensitive to the choice of E/N, values of 160-200 Td were tested while keeping energy deposition per pulse equal to the 180 Td condition by varying the discharge duration. This resulted in less than 5% variation in the gas temperature, and fuel, oxidizer and product species concentrations. Thus, while E/N is not accurately known, this parameter is not found to significantly change the results in a range of ±20 Td from the chosen value.
The measurement of temperature by two-line absorption in a 300 pulse burst discharge at 30 kHz repetition frequency is presented in figure 2 . The heat loss rate is fitted using a modified L/π value of 0.0064 m in equation (3.9) (instead of the calculated 0.0044 m) and a wall temperature of 300 K. The temperature increases steadily throughout the pulse burst until it peaks on the last pulse (at 10 ms), at which point heat losses take over and return the gas back to its original temperature. In our previous study of stoichiometric C 2 H 4 /O 2 /Ar with 75% dilution, heat loss could be neglected on the time scale of the experiment. However, there is a large effect of heat loss when using He as the diluent. At 1 atm and 293.15 K, the thermal conductivity (λ in equation (3.9)) of He is 0.1535 W m −1 K −1 , whereas λ = 0.01738 W m −1 K −1 for Ar. Thus, according to equation (3.9), the heat loss will be an order of magnitude faster with He as the diluent, and thus must be considered for accurate model predictions. Figure 3 presents the mole fraction of formaldehyde as a function of time at the same conditions as in figure 2 . The model under-predicts the peak concentration of formaldehyde by a factor of 4, indicating major limitation in the model's predictive ability of this primary intermediate. The primary formation pathway reported for formaldehyde in methane PAC [4, 11] is
Thus, formaldehyde is formed directly from two species produced in the plasma, because O atom is produced in (3.14)-(3.16) and methyl radical is produced in (3.17) . This may indicate that the electron collision rates are not properly modelled, or that the rate of (4.1) is inaccurate. To fully understand the reason for the disagreement between the model and the measurement, additional species information is required.
To collect a more complete set of product species, the plasma is run in continuous mode and gas sampling is performed downstream for multiple species quantification using GC-TCD, as well as temperature measurements by two-line absorption. Because of the fast thermal conductivity rate of helium, the gas temperature will quickly reach a steady state in which the heat loss to the walls balances the heat addition by the plasma. Figure 4 presents the gas temperature during steady-state NRP discharges at frequencies from 100 to 30 000 Hz. At lower frequencies (less than 10 000 Hz), the model and the measurement are in reasonable agreement. However, at higher frequencies, the model and the measurement diverge such that at 30 000 Hz there is a 50 K differential between the measurement and the model. This is due to wall heating in the continuous plasma, which decreases the heat loss rate, and thus allows the steady-state temperature to rise higher than in the pulse burst case. In the model, the wall temperature is assumed to be fixed at 300 K, and in the absence of wall temperature measurements during the discharge, the heat loss cannot be accurately predicted. Nevertheless, the overall trend is well represented by the model. Figure 5 presents measured and predicted species concentration as a function of NRP frequency. Figure 5a presents the concentrations of the reactants and water, the largest product species. It is found that the fuel and oxygen consumption are predicted to within 5% of the measured value, which is smaller than the experimental uncertainty. Because the consumption of the reactants is almost entirely due to electron collision reactions and quenching of excited species (as will be discussed in the following sections), we can assume that the total electron collision rates are well modelled. The production of water is predicted to within 20% of the measured value, which is in excellent agreement considering the order-of-magnitude disagreement for water in our previous study of ethylene oxidation [14] . Figure 5b presents the other major products: carbon monoxide, carbon dioxide and hydrogen. The model captures the correct trends and relative concentrations of the three species, but under-predicts the absolute concentrations, particularly at the highest frequency conditions. Nevertheless, carbon monoxide agreement is within 30% of the measured value, whereas carbon dioxide and hydrogen are within 40%. The minor species are formaldehyde is under-predicted by approximately a factor of 4, whereas methanol is overpredicted by an order of magnitude. The remaining species only appear in relatively small concentrations in the experiment, and are all under-predicted by the model. In summary, the major trends of reactant consumption and major product species production are well captured by the model, indicating that the electron collision rates and dominant reaction pathways are well modelled, but the minor species modelling results in significant disagreement, indicating that perhaps some secondary rates need further attention. In addition to the major species measured in this study, the concentrations of plasma-produced radical, excited and ionized species are of central importance in PAC kinetics. The model predictions for these species are presented in figure 6 for a single discharge pulse and interpulse period for steady-state 30 000 Hz operation (plot shown is for 3000th pulse). While most excited species and ions are quenched during the interpulse time, some longer-lifetime species survive in appreciable concentrations, such as O 2 (a 1 g ), O 2 (b 1 Σ + g ) and O + 2 . The reactions of these species with methane remain unclear [4, 64] , and may quench faster than predicted in the model. In addition, the reactions of O 2 (b 1 Σ + g ) with helium is an estimate from [49] , as no measurements for this rate could be found in the literature. The ground-state radicals generated in the plasma react slowly with methane, and thus these radicals build up to a steady-state concentration. At higher gas temperatures, the large radical concentration would lead to chain branching reactions and ignition. However, methane at temperatures below ≈ 800 K can only react in chain propagating reactions.
To understand which reactions are of importance, a path flux analysis is performed. Figure 7 presents the consumption pathways of methane for 30 000 Hz continuously pulsed plasma at steady-state temperature as predicted by the model (407 K). The major fuel consumption pathways are through electron collision reactions, reactions with O( 1 D) and reaction with OH. Electron collision dissociative excitation reactions (3.17)-(3.20) account for 16% of fuel consumption, whereas ionization (3.23) and dissociative ionization (3.24) reactions account for 20%. The dissociative excitation reactions lead to methyl radical (CH 3 ) and methylene radical (CH 2 ), whereas the dissociative ionization reaction leads to methyl cation (CH + 3 ). The charge exchange reactions for methyl cation found in the literature lead to more complex ions, the chemistry of which was ignored in the current model. Thus, the only consumption pathway for methyl cation is dissociative recombination with electrons, leading to methylene and hydrogen atom (3.84). In total, 10% of fuel consumption leads to methylene radical production. The 
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+OH 11% Figure 7 . Path flux analysis of fuel consumption integrated over a single pulse period during continuous discharge at 30 kHz repetition frequency and steady-state temperature conditions. Bold species represent those which are measured in figure 5 , red arrows refer to reactions from the combustion model, and blue arrows are from the plasma model. R represents any radical species, and M represents any species acting as a third-body collider. (Online version in colour.) methylene radical is completely consumed by reaction with oxygen,
resulting in the formation of product species. Reaction (4. Figure 8 . Path flux analysis of formaldehyde and methanol formation integrated over a single pulse period during continuous discharge at 30 kHz repetition frequency and steady-state temperature conditions. Bold species represent those which are measured in figure 5 , red arrows refer to reactions from the combustion model, and blue arrows are from the plasma model. R represents any radical species. (Online version in colour.)
The competition between these two rates determines the model prediction of methanol, as (4.10) leads to methyl peroxy radical (CH 3 O 2 ), which reacts via
Reaction (4.11) is responsible for 82% of methanol formation, while further methoxy radical (CH 3 O) reactions result in the remaining 18% of methanol formation, as presented in figure 8 . The methyl submodel also plays a large role in formaldehyde production, as (4.9) accounts for 16% of formaldehyde formation, and methoxy radical reactions account for another 19%. An increase in the rate of (4.9) would increase CH 2 O formation while decreasing CH 3 OH formation. However, both (4.9) and (4.10) have received considerable attention in the literature [65, 66] , as they are major pathways in methane combustion. Thus, they are not expected to have significant uncertainty that could account for the over-predication of methanol and under-prediction of formaldehyde. Another possibility is that there are other reactions participating in methyl radical oxidation that are not in the model, for example
At 400 K, there is a difference of five orders of magnitude between the H-abstraction rate from methane by O atom or by O( 1 D). If there is also such a difference between (4.9) and (4.14), it could change the amount of methyl radical going towards the formation of methanol when compared with that going towards formaldehyde. However, no rates for this reaction could be found in the literature. Reaction (4.9) has a rate of 1.12 × 10 −10 cm 3 s −1 , thus, in analogy with the five-orderof-magnitude difference in methane H-abstraction rates by O atom and O( 1 D), (4.14) was given a rate of 1.12 × 10 −5 cm 3 s −1 . However, this only increased the CH 2 O concentration by 27% and decreased the CH 3 OH concentration by 42%, which is not the order-of-magnitude change needed to bring the model into quantitative agreement with the measurement. However, it did improve model accuracy significantly, and deserves further exploration.
Another explanation for the disagreement may lie in the methyl peroxy submodel. Consumption of methyl peroxy radical has not received nearly the same degree of attention as the initial methyl radical reactions. Reaction (4.11) has only been estimated [67] , whereas (4.12) and (4.13) were each measured once [68] . In the model, all three rates are those suggested in [67] . If (4.11) is decreased, the reaction flux shifts towards the production of methoxy radical, which will increase the relative concentration of formaldehyde when compared with methanol. The model was recomputed with a factor of 5 decrease in (4.11), but the relative concentration of formaldehyde to methanol was minimally affected owing to the fact that most of the methoxy is recycled to methyl radical, which loops back to the production of methanol (figure 7). Thus, changing (4.11) has a non-monotonic effect on the formaldehyde to methanol ratio. In the original paper measuring (4.12) by Šlemr & Warneck [69] , the reaction is suggested to proceed through an alternative reaction pathway that results in the direct formation of formaldehyde
which is dominant over the channel recommended by Tsang et al. [67] . Tsang et al. determined that surface reactions in the Šlemr & Warneck measurement were responsible for the observed formaldehyde concentration, and thus dismissed any contribution from (4.15). However, changing (4.12) to (4.15) also has a minimal effect on the formaldehyde to methanol ratio, because (4.13) is a factor of 3 faster than (4.12), and thus dominates the H-abstraction reaction pathway. Further investigation into the reaction pathways of methyl peroxy radicals is needed to resolve this issue. The methoxy submodel may also be responsible for the disagreement in methanol concentration. However, similar to the methyl radical oxidation rates, methoxy has received considerable attention [65, 67, 70] , as it is one of the primary intermediates in methanol and other alcohol oxidation. Dominating the formation pathways for formaldehyde are the reactions of O( 1 D) with methane (3.45-3.47), which are the most significant consumption pathways, accounting for 53% of total fuel consumption. The total rate and branching ratios of this reaction are taken from Sander et al. [60] , in which available rates were reviewed and a recommended rate and branching ratios were prescribed. Even a small change in the branching ratio of this reaction shifts the relative concentrations of methanol and formaldehyde significantly. As discussed in [60] , there is still significant disagreement among measurements of the branching ratio for this reaction. All of the ethane, ethylene and acetylene formation proceeds via radical-radical recombination reactions. As the radical pool composition cannot be measured in this study, it is difficult to identify which reactions are responsible for the disagreement. One possibility is that more electron collision reactions need to be considered for electron collision dissociation of the intermediate and product species. However, as each of the C 2 species are only present in mole fractions of under 100 ppm, the failure of the model to accurately predict these species does not constitute a major shortcoming, and thus no major consideration was taken to improve the calculated under-prediction of these species.
Conclusion
Time-dependent and steady-state measurements of temperature and species of a plasma discharge in a stoichiometric methane/oxygen mixture with 75% helium dilution have been performed using LAS and GC-TCD sampling techniques. In addition, a PAC modelling tool for homogeneous PAC systems as well as a high-pressure plasma kinetic mechanism (HP-Mech/plasma) for CH 4 /O 2 /He oxidation have been assembled and used to simulate the experimental measurements. To match the E/N in the model to approximately the experimental value, E/N was varied to fit the time-dependent temperature profile. In situ time-dependent measurements of CH 2 O in the plasma found a factor of 4 disagreement between the measurement and the modelled results, prompting the need for further investigation into low-temperature PAC pathways. For this purpose, temperature measurements in the continuous plasma and species sampling downstream of the plasma region were performed. The temperature measurements indicated limitations in heat loss prediction due to wall heating by the continuous plasma, underpredicting the temperature by up to 50 K. However, overall prediction of the heating trend was captured. Species measurements found H 2 O to be the largest product species, followed by CO, 3 OH formation are largely through electron dissociative excitation and H-abstraction reactions leading to methyl radicals, as well as directly through the reactions of methane with O( 1 D). It is found that the methyl radical submechanism proceeds primarily through a molecular oxygen addition pathway leading to methyl peroxy radicals. The low-temperature consumption pathways of methyl peroxy radicals are not well known and may be the reason for the significant failure of the model in terms of formaldehyde and methanol prediction. Further studies into the reactions of methyl peroxy are necessary to bring the model into agreement with the present measurements. In addition, the branching ratio of methane and O( 1 D) can be altered to improve agreement. The sensitivity of PAC kinetics to low-temperature hydrocarbon chemistry indicates the need for further evaluation of reaction processes at temperature below 700 K participating in the negative temperature coefficient range of hydrocarbon oxidation, even for the smallest hydrocarbon species.
Data accessibility. The model, including the electron collision cross sections, the plasma reaction set, the groundstate species reaction set (HP-Mech) and the thermodynamic data, is included in the supplementary material.
